Amyloid beta (Aβ) precursor protein (APP) is a key protein in the pathogenesis of Alzheimer's disease (AD). Both APP and its paralogue APLP1 (amyloid beta precursor-like protein 1) have multiple functions in cell adhesion and proliferation. Previously it was thought that autophagy is a novel beta-amyloid peptide (Aβ)-generating pathway activated in AD. However, the protein proteolysis of APLP1 is still largely unknown. The present study shows that APLP1 is rapidly degraded in neuronal cells in response to stresses, such as proteasome inhibition. Activation of the endoplasmic reticulum (ER) stress by proteasome inhibitors induces autophagy, causing reduction of mature APLP1/APP. Blocking autophagy or JNK stress kinase rescues the protein expression for both APP and APLP1. Therefore, our results suggest that APP/APLP1 is degraded through autophagy and the APLP1 proteolysis is mainly mediated by autophagy-lysosome pathway.
INTRODUCTION
Amyloid precursor protein (APP), a key protein in pathogenesis of Alzheimer's disease (AD), is a type I transmembrane protein that can be cleaved by β-and γ-secretase to release the amyloidogenic β-amyloid peptides (Aβ) and intracellular domain (AICD) (Cao and Südhof, 2001; Aguzzi and Haass, 2003) . Aβ has been widely believed to initiate pathogenic cascades that culminate AD. The AICD was identified to form a multimeric complex with the nuclear adaptor protein Fe65 and the histone acetyltransferase Tip60 (Cao and Südhof, 2001) . APP and its paralogue APLP1 (amyloid precursor-like protein 1) are processed in a very similar manner by the same protease activities; however, the APLP1 expression is limited to the nervous system, whereas APP is ubiquitously expressed (Tanzi et al., 1988) .
APLP1 and APP have multiple functions, including promoting neurite outgrowth and cell proliferation; particularly, their ability to bind collagen and to mediate cell-substratum adhesion have been well-documented (Beyreuther et al., 1991; Chen and Yankner, 1991; Jin et al., 1994; Beyreuther et al., 1996; Coulson et al., 1997) . Recently, the homo-and hetero-typic cis interactions of APP family members have been detected by fluorescence resonance energy transfer (FRET) and co-immunoprecipitation analysis (Soba et al., 2005; Kaden et al., 2009) .
Lysosome and proteasome are the main systems for cells to digest or recycle proteins. It has been recognized that APP is degraded through lysosome, while the protein proteolysis of APLP1 is less understood (Cataldo et al., 1991; Golde et al., 1992) . Autophagy refers to at least three processes by which intracellular constituents enter lysosomes for degradation: chaperone-mediated autophagy (CMA), microautophagy and macroautophagy. Autophagy is the sole pathway for organelle turnover in cells and is a vital pathway for degrading normal and aggregated proteins, particularly under stress or injury conditions. Recent evidence has shown that APP is processed by autophagy and the amyloid beta peptide is generated from APP during the autophagic turnover of APPrich organelles (Dash and Moore, 1993; Mizushima, 2005) .
However, whether APLP1 also goes to autophagy is still unknown.
Here, we found that blocking the proteasome by transient treatment with MG132 or lactacystin rapidly accelerates APP/ APLP1 protein turnover. Mechanistic study showed that the proteasome inhibition increases ER-stress and autophagy, and thus decreases APP/APLP1 protein expression without affecting their transcription. Autophagy marker protein LC3 can interact with APP/APLP1 in the presence of MG132 in neuronal cells. Induction of autophagy by rapamycin also decreases the APLP1/APP protein level. Blocking either autophagy or the JNK stress kinase obviously rescues APP/ APLP1 expression. Altogether, the present work implied that APP and APLP1 are degraded through autophagy in response to cell stresses in neuronal cells.
RESULTS

Proteasome inhibition rapidly decreases APLP1 and APP protein expression in neuronal cells
Expression of APLP1 is limited to the nervous system. To identify the pathway(s) mainly involved in the APLP1 protein proteolysis, N 2 a cells were incubated with inhibitors that specifically block proteasome, lysosome or PI3K/MEK/cAMP kinase pathway. Instead of accumulating like β-catenin, protein expression of both APLP1 and APP rapidly decreased within 1 h upon proteasome inhibition by MG132 (Fig. 1A and  1B) . Additionally, APLP1 protein also accumulated upon lysosome inhibition by NC (NH 4 Cl), which was similar with the observations in APP protein. Further results also demonstrated that lower dose or short time treatment of proteasome inhibitor MG132 and lactacystiin could still suppress APLP1 and APP protein expression in a time-and dose-dependent manner ( Fig.1C-E) . These data indicate that APLP1 is mainly degraded through lysosome, which could be triggered by proteasome inhibition.
Proteasome inhibition increases ER stress and decreases APLP1 protein stability without affecting APLP1 gene transcription in neural cells Next, we asked whether the loss of APP/APLP1 protein expression is due to transcriptional inhibition. Quantitative real-time RT-PCR results showed that MG132 has no effect on the transcriptional level of APP and APLP1 ( Fig. 2A) . However, upon the stimulation of MG132, accelerated turnover of APLP1 was observed using the protein synthesis inhibitor cycloheximide (CHX) in N 2 a cells (Fig. 2B ). Interestingly, the proteasome inhibition-accelerated turnover of APLP1 can be partially blocked by autophagy inhibitor 3MA (Fig. 2B ). Similar result was also obtained using NC (NH 4 Cl), which blocks both lysosome and autophagy (data not shown). This implied that autophagy is involved in the APLP1 protein proteolysis. Since the autophagy is a vital pathway for degrading normal and aggregated proteins, particularly under ER-stress or injury conditions, we determined the ER stress in the presence of proteasome inhibition. Similar with the positive control treated with tunicamycin, the ER-stress marker gene GRP78/Bip was clearly induced by proteasome inhibition in N 2 a cells (Fig. 2C ).
APP/APLP1 is degraded through autophagy that is induced by proteasome inhibition
Autophagy is an ER-stress release manner in cells; several reports demonstrated that the aggregated APP goes to autophagy. To explore the role of autophagy in APLP1 degradation, we firstly examined whether proteasome inhibition causes autophagy in neuronal cells. As shown in Fig. 3A , treatment of MG132 in N 2 a cells led to LC3 cleavage (LC3 II) in a time-and dose-dependent manner. To validate this result, we further explored the localization of APLP1 in PC12 cells by immunofluorescence. As indicated in Fig. 3B , the proteasome inhibitor induced puncta of APLP1 was obviously detected. Thus, we hypothesized that LC3 may regulate APLP1 through direct interaction. To test whether APLP1 binds to LC3, we performed a co-immunoprecipitation assay in N 2 a cells. Both LC3 I and LC3 II were detected in anti-APLP1 or anti-APP immunoprecipitation but not in the control immunoprecipitated with a nonspecific antibody (Fig. 3C ). To further confirm that APLP1 goes to autophagy, rapamycin was used to induce autophagy in N 2 a cells. As shown in Fig. 3D , both rapamycin and MG132 induced autophagy (as shown in the cleavage of LC3 II) and decreased the protein expression of APLP1 and APP. The autophagy inhibitor 3MA could clearly rescue APP/APLP1 expression in lane 4 (Fig. 3D) . Altogether, these results indiced that APLP1 was associated with LC3 and was degraded through autophagy, which was induced by proteasome inhibition.
JNK kinase activity is required for APP/APLP1 protein proteolysis in response to stress It is apparent that even transient inhibition of the ubiquitinproteasome system activates stress kinases. Thus, we investigated which kinase is critical for APP/APLP1 protein proteolysis in response to proteasome inhibitors. As shown in Fig. 4A , the specific JNK kinase inhibitor SP600125, but not the PI3K inhibitor LY294002, could partially rescue the APP/ APLP1 expression suppressed by MG132 (Fig. 4) , suggesting that JNK kinase activity is required for APP/APLP1 protein proteolysis in response to cell stresses.
DISCUSSION
The present study showed for the first time that, similar with APP, APLP1 is mainly degraded through lysosome and can be sentenced to death in autophagy by cell stresses such as proteasome inhibition. Based on the above observations, it is likely that transient proteasome inhibition triggers autophagy and induces both APLP1 and APP degradation through autophagy, thus impairing the function of APLP1/APP in a JNK kinase-dependent manner. Since the depletion of APLP1 could impair neural cell adhesion, we accordingly observed the decrease of neural cell adhesion after MG132 treatment (data not shown). Usually, decrease of cell adhesion happens when cells tend to migrate or differentiate. We also found that proteasome inhibition induces neurite outgrowth of N 2 a and PC12 cells. Additionally, lacking of cell-cell conjunction was observed in MG132 treated neural cells. This may be correlated with the degradation of the homo-and heterodimer of APLP1 and APP (our unpublished data). These results suggested that cell stress might participate in the neural cell function through modulating proteolysis and function of APLP1/APP protein. Our results also described APLP1 as a new lysosome-degraded protein that undergoes autophagy under ER-stress.
Although JIP-3/JNK has been proved to phosphorylate APP in vivo (Muresan and Muresan, 2005) , proteasome inhibition could not induce APP phosphorylation (data not shown). Thus, our results support the previous study that APP phosphorylation, transport of generated pAPP into neurites, and neurite extension are interdependent processes regulated by JIP-3/JNK, and are in a pathway distinct from stressactivated JNK signaling. Recent studies showed that neuronal JNK deficiency affects autophagy in both cell culture and in vivo (Liang et al., 2010; Shimizu et al., 2010) . Taken together, these results indicate that JNK kinase may play dual roles in regulating APP/APLP1.
Although AD is a prevalent neurodegenerative disorder in elder people (Hedera and Turner, 2002 ) and a multifactorial syndrome, so far, it is mainly linked to the abnormal metabolism of transmembrane protein APP, rather than APLP1. APLP1 is processed similarly as APP by gammasecretase complex that contains presenilins, nicastrin, aph-1 and pen-2. Here, we showed again that autophagy is a similar processing pathway for both APP and APLP1 in responses to stresses in neuronal cells. As production of Aβ is directly related with APP processing, autophagy of neuronal cells can be a cause of Aβ accumulation in AD. Since present study showed APP/APLP1 is sensitive to stress induced autophagy, which can be initiated by newly developed therapeutic approaches, such as photodynamic therapy (Kessel and Oleinick, 2009 ), a warning of the neurodegradative disease as side effect risk in longer term treatment needs to be kept in mind and further investigated.
MATERIALS AND METHODS
Reagent and plasmids
Monoclonal APP antibody (22C11, 1:500) and polyclonal APP (369, 1:2000) antibody were kind gifts from Dr. Huaxi Xu of Burmham Institute. Polyclonal APLP1 (anti-CT11, 1:2000) antibody was purchased from Upstate Biotechnology. Polyclonal β-catenin antibody (#9582S, 1:1000) was purchased from Cell Signaling Technology, Inc (USA). Monoclonal Tubulin (sc-58667, 1:500) antibody was purchased from Santa Cruz Biotechnology, Inc (USA). MG132 was purchased from Calbiochem (USA). LY294002, Rapamycin, PD98059, Forskolin and 3MA were purchased from Sigma (USA).
Cell culture
N 2 a and PC12 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Hyclone) and incubated at 37°C in a humidified atmosphere of 5% CO 2 .
Immunoprecipitation and immunoblotting
As previously described (Zhang et al., 2004 (Zhang et al., , 2006 Zhou et al., 2008; Zhang et al., 2011) , cells were lysed with 1 mL of lysis buffer (20 mmol/L Tris-HCl, pH 7.4, 2 mmol/L EDTA, 25 mmol/L NaF, 1% Triton X-100) supplemented with protease inhibitors (Sigma) for 30 min at 4°C. After centrifugation at 12,000 g for 15 min, the lysates were immunoprecipitated with specific antibody and protein ASepharose (Zymed Laboratories Inc.) for 3 h at 4°C. Then, the precipitants were washed three times with washing buffer (50 mmol/L Tris-HCl, pH 8.0, 150 mmol/L NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS), and the immune complexes were eluted with sample buffer containing 1% SDS for 5 min at 95°C and analyzed by SDS-PAGE. Immunoblotting was performed with specific primary antibody and secondary anti-mouse or anti-rabbit antibodies that were conjugated to horseradish peroxidase (Amersham Biosciences). Proteins were visualized by chemiluminescence.
Immunofluorescence
As previously described (Zhou et al., 2008) , PC12 cells grown on collagen coated glass coverslips were washed twice with PBS, fixed with 4% paraformaldehyde in PBS for 15 min, permeabilized with 0.1% Triton X-100 for 10 min, and blocked with 3% BSA in PBS for 60 min. The cells were then incubated with primary antibodies diluted in TBST (20 mmol/L Tris-HCl, pH 7.6, 137 mmol/L NaCl, 0.1% Tween 20) for 3 h and washed twice with p PBS and incubated with fluorescein isothiocyanate (FITC) conjugated anti-mouse or antirabbit antibodies for an additional 40 min. The nuclei were counterstained with 4, 6-diamidino-2-phenylindole (Sigma). Samples were examined under an Olympus Fluoview 500 microscope.
Real-time RT-PCR
Total RNA was isolated using Trizol (Roche, Switzerland) reagent and the genomic DNA was removed by DNase (Takara, Japan). Two microgram RNA was reverse-transcribed at 42°C for 45 min in a 20 μL reaction mixture using the Reverse Transcription System (Promega, USA). Sequences for the forward primer and reverse primer are as follows: 5′-CAGATTAATGAGGTGATGCGTGAA-3′ (APLP1 forward), 5′-GTCGGCTTTAGGCAGGTTCTT-3′ (APLP1 reverse); 5′-GCTGGCTGAACCCCAGATT-3′ (APP forward), 5′-CCCACTTCCCATTCTGGACAT-3′ (APP reverse); and 5′-AGATCATTGACCTCGTGTTGGA-3′ (Tubulin forward), 5′-ACCAGTTCCCCCACCAAAG-3′ (Tubulin reverse). The reaction system and procession was employed as previously described (Zhou et al., 2008) .
